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ABSTRACT 
 
New solutions to efficiently convert energy are needed to mitigate global climate changes and sustain the 
needs of the growing population. An energy device with high potential is the proton exchange membrane 
(PEM) fuel cell. PEM fuel cells can convert chemical energy to electrical energy with extraordinary high 
conversion efficiency. However, a drawback with PEM fuel cells is their high price, mainly caused by 
extensive use of the expensive noble metal platinum as catalyst in the fuel cell cathode. A reduced catalyst 
price (ideally by replacing platinum) would make PEM fuel cells’ cost-competitive in comparison to other 
energy conversion devices. Consequently, the development of inexpensive noble metal-free catalysts, active 
for the oxygen reduction reaction (ORR) has become a hot research topic.  
In this thesis, we designed and synthesized iron-chelating nitrogen-functionalized ordered mesoporous 
carbon (Fe-OMC) catalysts, active for ORR in PEM fuel cells. One focus of the work was to gain a deeper 
understanding about the operational mechanism of the active sites in the catalysts. Another focus was to 
evaluate the influence of some synthesis variables and gain new insight into the formation mechanism of the 
materials to thereby achieve more active catalysts. Several steps are covered in the thesis; synthesis of Fe-
OMCs, physical characterization of the catalysts, structural investigation of the active sites, and 
electrochemical evaluation of the catalysts in a single cell PEM fuel cell. Characterization methods, such as 
N2-sorption, Raman, X-ray diffraction, and Small Angle X-ray scattering, were used to investigate the 
physical properties of the catalysts. Whereas, electron paramagnetic resonance (EPR) and nuclear magnetic 
resonance (NMR) spectroscopies were used to study the active sites and iron-nitrogen interactions in both 
the precursor mixtures and the final catalysts. In this thesis EPR spectroscopy was (for the first time) shown 
to be a useful method to study Fe-OMC (and possibly other Fe-N/C) catalysts. It was shown that EPR 
spectroscopy can contribute with substantial information regarding the iron species, oxygen radicals, and 
delocalized electrons in the Fe-OMCs. Essential information about the iron species such as type, oxidation 
state, geometry and interaction with oxygen was obtained. Of more general importance, a number of crucial 
pretreatment steps of the EPR samples were identified and found necessary to employ prior to the 
measurements to obtain high quality EPR data. 
Furthermore, additional information about the Fe-Nx chelate structures acting as catalytically active sites 
was successfully obtained by comparing catalysts prepared from precursors with different functional groups. 
The results confirmed that nitrogen is involved in the formation of active sites in the Fe-OMC catalysts. Iron-
nitrogen interactions could be observed in the precursor mixing step of the catalyst preparation and were 
correlated to catalytic activities in the final catalysts. Synthesis parameters such as hydration state of the iron 
salt, precursor aging time, iron to N/C-precursor ratio, iron salt anion, were shown to influence the 
performance of the prepared catalysts. Finally, by modifying the precursor composition and employing an 
alternative template etch method, improvements of the mesoporous carbon properties were achieved.  
With the results obtained, we made progress in the understanding and tuning of Fe-OMC catalysts. Even 
though the catalytic performance of these new noble metal-free catalysts is still inferior the commercial 
platinum-based catalysts, they seem to have potential to compete with them and hopefully, eventually replace 
them in applications for PEM fuel cells.  
 
Keywords: fuel cell, oxygen reduction reaction, mesoporous carbon, cathode catalyst, non-precious metal catalyst, active 
site, electron paramagnetic resonance. 
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1.? Motivation 
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To change the course of our society, sustainable development is needed. As an effect of the 
industrial revolution, the increasing population, and people’s desire for economic improvement 
we now experience complications. The rising global energy consumption, the dependence on 
diminishing fossil fuel resources and the greenhouse effect could be seen as some of the most 
challenging ones.1-2 We basically need new solutions to produce more energy in forms that are 
useful for us, by efficiently converting energy from one form to another. 
 
In the long term, we need to develop energy conversion devices based on fully renewable energy 
sources such as solar, wind and water energy, which do not pollute or contribute to the global 
warming. Downsides with these renewable energy sources are their unpredictability and variation 
in energy supply. In many applications, continuous and controllable energy supply is necessary.  
Batteries and other energy storage solutions can compensate for these fluctuating behaviours to 
some extent, although these energy devices then become more complex and dependent on both 
the renewable energy source and the storage solution. A more immediate solution would be to 
use fossil fuels more efficiently and find ways to utilize alternative sources of carbon from plants. 
The CO2 emissions would then remain, but be reduced.  
 
A technology which could contribute to both a long term and immediate solution is the fuel cell 
technology. In a fuel cell, chemical energy (in the fuel) is efficiently converted to electrical energy 
via chemical reactions. Fuel cells can be used in both stationary and mobile applications with a 
controlled energy supply and high reliability. The most common fuel cell type today is the proton 
exchange membrane (PEM) fuel cell. The PEM fuel cell is fueled by hydrogen and oxygen and 
the only exhaust-product formed is water. Oxygen is easily accessible and the oxygen fraction in 
the air is enough to fuel the cell. The hydrogen production is more complicated and today most 
hydrogen is produced from steam reforming of hydrocarbons (fossil fuels). Production of 
hydrogen via electrolysis of water is a more sustainable alternative, but so far, only small quantities 
are produced globally since the process is relatively energy consuming and expensive.3 
Encouragingly, the water-splitting research today is an attractive field4 and the solutions, for 
example photocatalysis,5 are continuously improved. With sustainable hydrogen production 
available, the fuel cell technology has potential to be one of the most sustainable energy converting 
solutions of our time. By combining solar or wind-powdered water electrolysis, hydrogen storage, 
and fuel cell technology, there are great potentials to develop efficient, reliable and green energy 
conversion devices necessary for the future.  
 
But why should it be simple? As it will be described in this thesis, improvements in the fuel cell 
technology itself are fundamental and perhaps the most crucial for the commercialization and 
market development of fuel cell technology. One of the main problems is the catalysts, since PEM 
fuel cells need relatively large amounts of catalysts to work efficiently. The most efficient and 
commonly used catalysts today for both the anode and the cathode in PEM fuel cells are based 
on platinum. Platinum is not only a rare and noble metal, due to its extraordinary physical and 
chemical properties, platinum is precious and sometimes irreplaceable in certain industrial 
applications.6 Consequently, platinum is a very expensive metal and accordingly this makes the 
price of PEM fuel cells comparably high.7 The current use of platinum catalysts, is one of the main 
reasons for the slow commercial development and limited market introduction of PEM fuel cells. 
In order to make these fuel cells economically competitive to other energy conversion devices the 
cost of the catalyst has to be reduced. Therefore, it is of interest to develop new, inexpensive noble 
metal-free catalysts with similar properties in terms of catalyst conversion efficiency and operation 
stability as the platinum-based catalysts.8 And that is what this thesis work is about. 
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1.1 ? Objective 
 
This project aims to design and synthesize materials with the purpose to find a simple, inexpensive 
way to prepare efficient noble metal-free catalysts active for the oxygen reduction reaction. An 
already developed method to produce such catalysts is used as a starting point.9-11 The focus in 
this thesis is to tune and simplify this method to produce iron-chelating ordered mesoporous 
carbon (Fe-OMC) catalysts with improved catalytic activity. Also emphasized in this thesis, is to 
develop a deeper understanding of the operational mechanism behind the active site in the 
catalysts, and explore analytical methods to study it. 
 
Practically, the thesis process covers several steps. The first step (i) is synthesis of Fe-OMCs 
followed by (ii) physical characterization of the material properties of catalysts and (iii) structural 
investigation of the active sites. Subsequently, the catalyst is (iv) electrochemically evaluated in a 
single cell PEM fuel cell. Thereafter, (v) correlations between results are made and modifications 
in the synthesis proposed. The synthesis is repeated with proposed adjustments and the loop (i-v) 
continuous in order to tune the synthesis and reach a more and more active, efficient and cheap 
catalyst.  
 
To be noted is that the investigations of the active sites in the catalysts are done by less employed 
methods in the field such as electron paramagnetic resonance and paramagnetic nuclear magnetic 
resonance spectroscopies. We believe we can gain new knowledge with these methods and 
eventually, we hope to contribute with information that can make synthesis of noble metal-free 
catalysts more efficient and generate highly active and sustainable catalysts. 
 
 
 
 
 
 ?
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2.?Fuel Cells – Theory and Performance 
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2.1 ? Historical review 
 
A fuel cell is an electrochemical cell which can convert chemical energy in fuels directly into 
electrical energy through chemical reactions. Distinct from a battery, the reactants for the two 
electrode reactions in a fuel cell are stored externally outside the cell. As a consequence, the energy 
output from a fuel cell system depends on both the cell performance (how efficient the chemical 
energy is converted to electrical energy) but also the dimensions of the fuel storage tanks and the 
possibility to refill or replace them.  
 
The fuel cell concept was demonstrated already in 1801 by Humphry Davy,12 and 1839 William 
Grove13 invented the first working fuel cell. After that, improvements in the fuel cell technology 
were slow and it was not until the first space exploration programs fuel cells gained enough interest 
for development and applications because of its ability to produce both energy and water. In 1966 
the first fuel cell vehicle (GM Electrovan)14 was built, but the project was later cancelled because of 
high cost. Since then and especially in the last two decades, fuel cells have been “up-and-coming” 
in the automobile industry although the progress has been slower than expected. Today, most car 
companies have designed a prototype fuel cell car for potential replacement of the combustion 
engine cars. Toyota, Hyundai, and Honda, are in the fore front and they lately released fuel cell 
cars for retail sales and lease contracts in the US, Europe and Japan.15 The prices of these cars are 
still high compared to regular cars but they are decreasing rapidly. Fuel cells are being developed 
for other transportation vehicles as well, such as buses, trains, airplanes, boats and forklifts. 
Besides the automotive industry fuel cells are also used for many other applications such as 
stationary power plants, combined heat and power stations, and emergency power supplies. Fuel 
cells, in combination with electrolysers, can also be used for large scale energy storage necessary 
in connection with solar and wind energy production.16 
 
Several types of fuel cells exist, commonly classified by their electrolyte.16-17 They are working in 
different temperature and pH-conditions and with various types of fuels and are therefore suitable 
for different types of applications as shown in Figure 1. The most common fuel cells are the proton 
exchange membrane fuel cell (PEMFC), the alkaline fuel cell (AFC), the phosphoric acid fuel cell 
(PAFC) (all three working at relatively low temperatures), the solid oxide fuel cell (SOFC) and 
the molten carbonate fuel cell (MCFC) (working at high temperatures). The main disadvantages 
Figure 1. Summary of applications and advantages for different kinds of fuel cells. Modified from reference.16  
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with fuel cells nowadays is their price, and a lot of research, is focused on reducing cost. However, 
advantages with using fuel cells are their high efficiency and relative simplicity. Fuel cells are 
generally more efficient than piston and turbine based combustion engines and also simpler 
because of their few moving parts, making them silent, reliable and long-lasting systems. 
Furthermore, in most fuel cells the only by-product is warm water, meaning zero emissions during 
operation. However, it should be noted that during the production of hydrogen, in most cases, 
emissions of CO2 occur.  
 
2.2 ? Proton Exchange Membrane Fuel Cells 
 
Proton exchange membrane fuel cells or polymer electrolyte membrane fuel cells (PEMFCs) are 
the most commonly used fuel cell type and in focus in this thesis. In later sections, when discussing 
subjects regarding the principle and performance of fuel cells it will basically only concern 
PEMFCs. The PEMFC is usually fueled with hydrogen and oxygen (air), but other fuels like 
methanol in a direct methanol fuel cell (DMFC), ethanol in a direct ethanol fuel cell (DEFC), and 
dimethyl ether in a direct dimethyl ether fuel cell (DDMEFC) are also used. The only exhaust-
product formed from the hydrogen fueled PEMFC is water. 
 
One single cell in the PEMFC consists of several layers, as shown in Figure 2. The outer layers 
consist of bipolar plates followed by gas diffusion layers, with the purpose to collect and transfer 
the produced current and also distribute the gas flow uniformly over the catalyst. The middle part 
is the heart of the PEMFC containing two catalyst layers separated by a thin humidified proton 
conductive polymer membrane. These three layers are usually referred to as the membrane 
electrode assembly (MEA). The proton conductive polymer frequently used in PEMFCs is a 
perfluorinated sulfonic acid polymer called Nafion® and the most commonly used catalysts, for 
both the anode and the cathode, are platinum nanoparticles dispersed on a carbon support. 17 
 
 
 
 
Figure 2. Schematic illustration of a single cell PEMFC. 
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Figure 3. Schematic illustration of a PEMFC-stack. 
 
Multiple of these cells can be connected in series (shown in Figure 3), in a stack, to increase the 
power output. In this thesis, we concentrate on understanding the cathode and its catalytically 
active sites. To avoid unwanted parameters influencing the performance, which may occur when 
using a fuel cell stack, a simple single cell PEMFC setup was used in all experiments. An 
advantage with PEMFCs is the thickness of the MEAs which creates opportunities to produce 
highly compact fuel cell stacks with high power density. Additionally, the absence of corrosive 
fluids in PEMFCs makes them user-friendly and possible to orient in any direction and therefore 
suitable for applications such as vehicles and portable electronic equipment. 
 
The PEMFC’s operation temperature typically ranges between 20°C and 80°C and is limited by 
the proton exchange membrane which loses its function at too high temperatures. An advantage 
with such low working temperature is short start up time to reach optimal performance. However, 
a drawback with low working temperature is that the use of catalysts becomes extra demanding, 
since the fuel cell reactions occur slower at low temperature.
 
2.3 ? Hydrogen production and storage 
 
Important issues which have to be highlighted regarding PEMFCs are the production and storage 
of hydrogen. As mentioned above PEMFCs are fueled with hydrogen and oxygen. The oxygen 
fraction in the air is enough to fuel the cell. However, the hydrogen is mainly produced by steam 
reforming or partial oxidation of fossil methane, natural gas, oil or coal. In the production, 
considerable amounts of CO2 (9-12 ton per ton produced hydrogen)18-19 are created, so claiming 
PEMFCs today to be “green” and renewable-energy-based is incorrect. Another way to produce 
hydrogen is by splitting water via electrolysis. Electrolysis has a great potential especially in 
combination with energy conversion devices based on fully renewable energy sources (solar, wind 
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and water).4  Hydrogen produced via electrolysis could, in theory, result in zero greenhouse gas 
emissions. The electrolysis production of hydrogen allows for storage of “renewable energy”. In 
times of excess energy (a windy or sunny day), the converted excess electricity can be used to 
produce hydrogen, which can be used as a fuel when needed (for example in a fuel cell car).  
 
The other difficulty with hydrogen gas usage is the storage. Techniques used today, such as high 
pressure and cryogenics, require lots of energy to maintain. However, the field has been 
undergoing considerable developments the last decades and solutions are coming, especially in 
the research for usage of hydrogen in lightweight and compact energy applications such as the 
automobile industry. An example of a promising and safe solution is carbon-composite 
technology for high pressure tanks (up to 700 bar).20
 
2.4 ? PEMFC Working Principle  
 
In a fuel cell, the output electrical energy is gained from the chemical energy “stored” in the fuel. 
The overall reaction in a PEMFC is spontaneous, i.e. the Gibbs free energy of the reaction is 
negative.16 This means that the energy level of the reactants (oxygen and hydrogen) are higher 
than the energy of the product (water). If mixing hydrogen with oxygen directly a highly 
exothermic reaction would occur producing heat and water, see Reaction Scheme 2.1. The 
reaction has a high activation barrier, however, and requires a catalyst to reach high reaction rates. 
 
??? ? ?? ? ???? ? ????   [2.1] 
??? ? ??? ? ???    [2.2] 
?? ? ??? ? ??? ? ????   [2.3] 
In a fuel cell, the energy from the chemical reaction can be released in a controlled way and 
electrical energy can be produced by separating the reaction into two cell reactions. In an acid 
electrolyte fuel cell as a PEMFC, see Figure 4, hydrogen is split into protons and electrons at the 
anode as in Reaction Scheme 2.2. This reaction is often referred to as the hydrogen oxidation 
Figure 4. Schematic illustration of the basic principles of a PEMFC. 
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reaction (HOR). In parallel, the protons are transported through the proton exchange membrane 
whereas the electrons are forced through an external circuit in a current that can be used to drive 
an electric device. At the cathode, the protons and the electrons recombine, and together with 
oxygen they form water as in Reaction Scheme 2.3. This reaction is often referred to as the oxygen 
reduction reaction (ORR). Both reactions happen simultaneously and are dependent on each 
other in order to proceed. The rate of the reactions is dictated by the power required from the 
electric device. This means that at low power needs the reactions will occur with reaction rates 
required to reach the power need. At higher power needs, the power outcome is limited by the 
maximum reaction rates achievable by the fuel cell. 
 
2.5 ? The need for catalysts and high electrode surface areas in PEMFCs 
 
Despite the fact that Gibbs free energy of the overall fuel cell reaction is negative, the overall fuel 
cell reaction behaves unspontaneous and slow. For a reaction to happen the energy in the system 
has to overcome the activation energy illustrated by the red line in Figure 5a. To overcome the 
slow reaction rates, methods such as use of (i) catalysts, (ii) increased reaction temperature, and/or 
(iii) increased electrode surface area can be applied.16 In PEMFCs the proton exchange membrane 
Nafion® is commonly used. Nafion® gradually loses its proton transfer functions at higher 
temperatures than 80°C so the temperature becomes a limiting factor. Therefore, in low 
temperature fuel cells such as PEMFCs, the use of catalysts and high electrode area are of extra 
importance. A catalyst lowers the activation energy of a reaction (illustrated by the green line in 
Figure 5a), resulting in an increased reaction rate. Both the HOR and the ORR are relatively slow 
reactions, so catalysts are required on both the anode and the cathode side. The most efficient and 
commonly used catalysts today for both the HOR and ORR are based on platinum. For the HOR 
relatively small amounts of platinum is necessary to achieve high efficiency. However, for the 
ORR, considerable amounts of platinum catalyst are needed to reach a decent efficiency which 
makes the ORR the rate limiting reaction and by far the largest source of loss in efficiency in the 
PEM fuel cell. 
 
In a catalyst, it is at the active site the reaction takes place. In the ORR, electrons (usually coming 
from a conductive solid phase), protons (in liquid phase) and oxygen (in gas phase) meet and react 
in a triple phase boundary16 and the active site assists with this boundary as shown in Figure 5b. 
Clearly, a high electrode surface electrode area is of advantage. If the electrode area is large, more 
active sites can fit per unit mass of catalyst, and a higher reaction rate can be achieved. Usually 
this is done by using a catalyst support with large specific surface area. 
Figure 5. Schematic illustrations of (a) an energy diagram of the ORR with (green) and without (red) catalyst and (b) 
a triple phase boundary catalyst electrode where oxygen, protons, and electrons meet and form water. 
a) b) 
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2.6 ? Fuel Cell Efficiency 
 
In a fuel cell the output electrical energy is gained from the chemical energy “stored” in the fuel.21 
The Gibbs free energy of formation (?????? of water, (as in Reaction Scheme 2.1) always has a 
negative value (although it varies with temperature) meaning energy is released. In a reversible 
case (zero energy losses in the fuel cell), all the chemical energy would be converted into electrical 
energy. The electrical work done moving the charge around the system is:  
 
electrical work done = charge x voltage=????     [2.4] 
 
Where F is the Faraday constant (? ? ??? ? ???????) describing the charge of one mole of 
electrons, and the 2 comes from two electrons produced per mole hydrogen.21 In a reversible case 
the electrical work done is equal to the Gibbs free energy released (electrical work done = ?????).  The 
reversible open circuit voltage or the electromotive force (EMF) can then be calculated from: 
 
??????????? ?
??????
??     [2.5] 
 
Since fuel cells are converting chemical energy of fuels that are usually burnt, the efficiency of the 
fuel cells is commonly defined comparing the electrical energy produced with the corresponding 
heat which would be produced by burning the same fuel: 
 
??????????? ?
?????
???????     [2.6] 
 
The highest theoretical open circuit voltage and efficiency that could be reached in a PEM fuel 
cell at 25°C and standard conditions are 1.23 V and 83 % forming liquid water. In Figure 6, the 
theoretical efficiency at different operating temperatures are compared to the maximum 
theoretical efficiency of a heat engine (Carnot cycle).21 The graph shows that the theoretical 
maximum fuel cell efficiency decreases with increasing temperature. The graph also shows that 
Figure 6. Highest theoretical hydrogen fuel cell efficiency varying with temperature compared to the highest theoretical 
efficiency of a heat engine. Reproduced from reference.21 
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the fuel cell efficiency is higher than the efficiency of a heat engine to a certain temperature. To 
be noted is that the theoretical image of the efficiency looks quite different from the practical image 
since losses occur in both the fuel cell and in heat (combustion) engines.22 To calculate the real 
efficiency of the fuel cell one has to consider losses in the fuel cell. While running the cell the 
actual cell voltage Vcell can be obtained (which will be lower than the theoretical value) in which 
the cell losses are included. The real fuel cell efficiency can then be calculated as follows: 
 
????? ? ????????????????????????????   [2.7] 
 
  
2.7 ? Electrochemistry of PEMFCs 
 
The power output of the fuel cell is of interest to be able to compare it to other electric power 
generators. Fuel cells and fuel cell stacks are often designed for specific purposes, where the power 
output required for certain application can vary from milliwatt to megawatt. The power for a cell 
can be defined as: 
 
????? ? ??????     [2.8] 
 
Where the unit is given in watts (W) (and in this context W is usually given per unit area of 
electrode). The fuel cell performance is therefore commonly presented in terms of cell potential (in 
voltage) and current densities (in ampere/cm2) in a polarization curve as shown in Figure 6. To be 
able to compare fuel cells to other electric power generators, certain key values/graphs are used 
for comparison. One such value is the current density (current per unit area) at a given voltage 
(usually 0.6 or 0.7 volt) with the unit mAcm-2. From that value the power per unit area can be 
calculated with the unit mWcm-2.23 
 
2.8 ? Performance losses in fuel cells 
 
The fuel cell never performs ideally. Inefficiencies in the cell cause losses which are described as 
the overpotential.24 The overpotential is the difference between the theoretical cell potential and the 
experimentally observed cell potential as shown in Figure 7. In a fuel cell context, it means that 
less output electrical energy is obtained than what is thermodynamically expected. The cell 
potential (Vcell) reflects how efficiently the fuel cell converts chemical energy to electrical energy: 
 
????? ? ??????????? ? ?? ? ?? ? ??    [2.9] 
 
W here Ereversible is the reversible potential of the anode and the cathode reaction, ?? and ?? are the 
overpotentials caused by the anode and cathode and the IR is a voltage drop caused by resistance 
inefficiencies.23 The overpotential (polarization) caused by the cathode is by far the largest 
inefficiency in the fuel cell as illustrated in Figure 8. The overpotential is explained by energy 
losses in the fuel cell generating heat. There are four main types of losses in PEMFC and they are 
described below. 
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2.8.1? Activation losses 
 
Perhaps the most important irreversible loss in the PEM fuel cells is the activation overpotential 
and can be correlated to the voltage drop at low currents in the polarization curve (see Figures 7 
and 8). The activation loss is caused by lack of activity of the catalyst making the reactions slow, 
in particular at the cathode side for oxygen reduction reaction which is the slowest and limiting 
reaction (Equation 2.3).21 At open circuit voltage (OCV) or zero current density one may think 
that there is no activity on the cathode. However, the ORR occurs all the time but so does also 
the reverse reaction with the same rate, forming an equilibrium: 
 
?? ? ??? ? ??? ? ????    [2.10]
These reactions will cause a flow of electrons back and forth through the cell and can be referred 
to as the exchange current density (i0). The more active the catalyst is, the more electrons can flow 
back and forth and cause a larger exchange current density. The higher the exchange current 
density, the lower the activation overpotential. For simple systems, the exchange current density 
can be calculated using a Tafel plot. There is no catalyst which is ideal and can perform the back-
and-forth reaction to 100%, resulting in a lower experimental OCV compared to the theoretical 
OCV. However, to reduce the activation overvoltage one can try to increase the exchange current 
density. This can be done by raising the temperature (high temperature fuel cells have much less 
activation overpotential), increase the activity of the catalyst, increase the catalyst surface area, 
increase the reactant concentration and/or increase the oxygen partial pressure. These are 
properties which should be considered when designing a catalyst. 
 
2.8.2? Fuel crossover and internal currents  
 
In PEM fuel cells, it is very likely that small amounts of hydrogen migrate through the proton 
exchange membrane and end up reacting on the cathode without producing any current. Electrons 
can also pass, in a similar way, from the anode to the cathode internally without producing any 
Figure 7. Schematic illustration of energy losses in PEMFCs. Reproduced from reference.24  
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current. These phenomena are known as fuel crossover and internal currents.21 They especially 
have an effect on the OCV in PEM fuel cells and can lower the voltage with about 0.2V compared 
to the theoretical value and they also make the OCV highly variable. Unfortunately, the fuel 
crossover and internal currents are difficult to measure. 
 
2.8.3? Ohmic losses 
 
The linear part in the polarization-curve (see Figure 7) corresponds to electrical resistance in and 
in between the electrodes, contacts, etc., and resistance in the flow of ions in the electrolyte, 
resulting in an ohmic loss (or IR-drop).21 To reduce the internal resistance in the cell it is important 
to use conductive materials, proper interconnects between different components in the cell, and 
making the MEA optimally thin.  
 
2.8.4? Mass transport losses 
 
At higher currents (see Figure 7) the losses mainly correspond to mass transport and/or 
concentration losses in the fuel cell. This can be caused by a concentration reduction of hydrogen 
(at the anode) or oxygen (at the cathode) dependent on the consumption rate of the reactants. 
Furthermore, the water formed during the reaction may block the active site and/or the 
transportation of oxygen gas. Factors which influence the mass transport/concentration losses are 
the circulating options for the gases, the flowrate and the partial pressure of the gases, and the 
activity of the catalysts.21 
 
  
Figure 8. Contribution to energy losses in PEMFCs. Reproduced from reference.17
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3.1 ? The need for non-precious catalysts 
 
As discussed in Section 2.5, PEMFCs require considerable amounts of platinum catalysts on the 
cathode side to work efficiently. The noble metal platinum is one of few materials which is stable 
to corrosion and dissolution in the acidic environment at the ORR potential. Moreover, platinum 
is a precious and rare metal and due to its extraordinary physical and chemical properties it is 
sometimes irreplaceable in certain industrial applications. This makes platinum very expensive, 
and as a consequence the price of PEMFCs becomes high since it is dependent on the price of 
platinum. It is not only the catalyst in a PEMFC which costs, as shown in Figure 9. Although, 
dependent on the production volume of a certain PEMFC-component, the price will typically 
decrease with higher volumes, except for the platinum catalyst since its price is largely determined 
by the price of the platinum raw material.25 Therefore, also at high production volumes, the main 
factor influencing the price of a PEMFC is the use of platinum catalyst. Clearly, in order to make 
fuel cells economically competitive in comparison to other energy conversion devices, the cost of 
the catalyst has to be reduced.  
 
Price reduction of the catalyst could in principle be done by making the use of platinum more 
efficient, however the dependency on the noble metal would still remain. In addition, it appears 
that the routes of improving the efficiency of platinum catalysts are close to exhausted. Another, 
perhaps more promising option, would be to develop inexpensive noble metal-free catalysts, with 
similar properties in terms of catalyst conversion efficiency and operation stability as the platinum-
based catalysts. These types of catalysts are under development and will be discussed from now 
on throughout the rest of the thesis. 
 
3.2 ? Development of noble metal-free catalysts 
 
Over the last two decades, different strategies have evolved, developing noble metal-free catalysts, 
to overcome the use of platinum in PEM fuel cells. The three major classes of inexpensive noble 
metal-free catalysts are; (i) transition metal chalcogenides, (ii) functionalized carbon catalysts and 
(iii) transition metal-NxCy catalysts.  
 
Figure 9. Predicted fuel cell stack cost contribution from various PEMFC components at two production volumes 
(2015). Reproduced from reference.25 
 17 
3.2.1? Transition metal chalcogenides 
 
The transition metal chalcogenides have developed noticeably over the last two decades.26-29 
Despite the progress, the activity of the catalysts can still not compete with the platinum based 
catalyst. However, the transition metal chalcogenides can at specific circumstances outperform 
platinum, since the catalyst is more resistive towards certain types of poisoning (such as methanol 
crossover) and this makes the transition metal chalcogenides attractive in particular applications 
for direct methanol fuel cells.30-31 
 
3.2.2? Functionalized carbon catalysts 
 
One major type of noble metal-free catalyst is the functionalized carbon catalysts; a metal-free 
catalyst which is commonly modified with nitrogen. These catalysts have shown remarkably high 
activity in alkaline fuel cells.32-33 In acidic fuel cell conditions, the performance is not as high, 
although still substantial. Examples of modified carbons are; graphene, carbon nanotubes (CNT) 
treated in different ways to get functionality.27, 34 In this thesis, functionalized carbons for acidic 
fuel cell conditions are relevant, since the catalysts studied in the thesis are as a combination of 
functionalized carbon catalysts and transition metal-NxCy catalysts.  
 
3.2.3? Transition Metal-NxCy catalysts 
 
Perhaps the most promising class of noble metal-free catalysts is the transition metal-NxCy 
catalysts (MeNxCy) catalysts. These catalysts basically consist of cheap elements such as carbon 
(Cy), nitrogen (Nx) and transition metals (Me); usually iron, but cobalt and nickel are also 
common. Already in the 60s, a class of non-precious compounds, phthalocyanines (shown in 
Figure 10a), were found to be ORR-active by Jasinski35. Later, other Me-Nx chelates with four 
nitrogens coordinating to a metal center, such as porphyrins (see Figure 10b), were also discovered 
to be electrocatalytically active.36-37 A problem with these compounds were the stability for the 
oxygen reduction and it was discovered that heat treatment of the compounds improved their 
stability and in some cases, also their activity.38-42  
 
 
Figure 10. Chemical structures of (a) phthalocyanine and (b) porphyrin. 
a) b) 
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However, since these heterocyclic macrocycle organic compounds are also rather expensive, 
synthesis from simpler and cheaper molecules have developed. Consequently, several new 
promising catalyst materials with high ORR activity have been introduced in the last decade.9-10, 
43-51 Very simplified, it seems like mixing and heating of a number of compounds containing 
nitrogen, carbon and transition metals has the potential to give decent ORR-active catalysts.52 The 
nature of the active site in these catalysts is debated;26, 29, 53-57 however, most researchers agree on 
that the active site consist of an iron center coordinated by two to four nitrogens (not necessarily 
in a heterocyclic ring), incorporated in a carbon matrix.27 A detailed function of these catalysts 
remains ambiguous and this is one of the main topics of this thesis. Even though the catalytic 
performance of these new noble metal-free catalysts is still inferior the platinum-based ones, they 
seem to have potential to compete with platinum-based catalysts and eventually replace this noble 
metal. 
 
 
 
 ?
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4.?Our Approach for Designing New Catalysts 
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In this project, three requirements were strictly considered when designing new catalysts. The 
catalysts have to be (i) catalytically active for oxygen reduction and synthesized from (ii) cheap 
and (iii) abundant chemical elements. The project builds on the recently developed concept of the 
transition metal/iron ion-chelating ordered mesoporous carbons (TM-OMC/Fe-OMC).9 Several 
studies have previously been done on this type of catalysts but the Fe-OMC catalyst type is still at 
an early stage of development and there are room for optimizations and improvements. To 
optimize the Fe-OMC catalyst further, different approaches can be used, although, the ultimate 
goal for each approach would be the same; to produce an as efficient and inexpensive catalysts as 
possible.  
 
One approach, we chose in this thesis (and which Chapter 6 is dedicated to) is dealing with the 
fact of understanding the mechanism of the active site in Fe-OMCs catalysts. This is perhaps one 
of the most important and complex issues in the field. Another approach (dedicated to Chapter 7), 
deals with the synthesis/production of the catalysts with focus on improving the catalysts’ carbon 
properties. This approach is more straight forward. By systematically changing parameters in the 
synthesis one could selectively track behaviours which are of advantage for the catalyst outcome. 
Changes in the synthesis route can also be done to eliminate unnecessary steps, making the process 
more efficient. Finally, in order to gain new knowledge about the catalysts, it is important to apply 
new theories/methods to describe and characterize the catalyst materials.  
 
In the following part of this chapter, the idea and synthesis behind the Fe-OMCs are described. 
The importance of certain parameters will be explained, but weaknesses in the synthesis route will 
also be highlighted and where there is room for improvement. 
 
4.1 ? Combination of important properties
 
An ideal (ORR) catalyst requires multiple properties such as highly active sites, high density of 
active sites, conductive capability and efficient mass transport properties. A challenge with 
catalyst materials is to combine all properties in one unity (see Figure 11). As mentioned 
previously high active site density and conversion efficiency can be achieved by using a catalyst 
support with large specific surface area. One way to achieve high surface area is to use porous 
structures. 
 
 
Figure 11. Schematic illustration of properties which have to be combined in the catalyst. 
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In this thesis, a hard template method in which an ordered mesoporous silica acts as a template 
for the formation of a porous carbon catalyst is used. The templating structure, and accordingly 
also the catalyst structure, is tunable and can be optimized for the desired system regarding 
mesophase (cubic, hexagonal, lamellar etc.), pore size and pore volume. The specific structure 
applied on the catalysts in this work is a bi-continuous ordered mesoporous cubic structure Ia3d 
(shown in Figure 12). The three-dimensional cubic structure is of advantage in the fuel cell since 
it facilitates mass transport of fuel gases and water in three directions. The silica template is 
synthesized using surfactants or block copolymers as structure directing agents which are 
thereafter removed by calcination. The silica template can then be impregnated with desired 
carbon precursors, pyrolized and etched away. The resulting material is the mesoporous carbon 
replica. High electrode area can be achieved by this use of a porous structure. An advantage of 
using an ordered porous structure is that the carbon formation and the establishment of the active 
sites are more likely to occur uniformly. 
 
Many carbon materials are conductive and therefore a support based on carbon is suitable to attain 
conductive properties. However, the choice of carbon precursor and its crosslinking behaviors will 
most likely influence the conjugated system (and so also the conductivity) of the carbon structure. 
The type of carbon precursor will also influence the ability to replicate the silica template. It has 
to be liquid enough to impregnate the silica template, be reactive enough to succeed the cross-
polymerization to form the porous structure and maintain its structure during the pyrolysis. The 
pyrolysis temperature will also highly influence the properties of the carbon. Clearly, many factors 
will influence the pore and surface properties of the carbon and are important to understand to 
achieve high conductivity, high surface area and efficient mass transport. More about these 
parameters will be discussed in Chapter 7 and Papers II and V. 
 
Figure 12. Schematic illustration of our iron-chelating ordered mesoporous carbon catalysts with a bi-continuous cubic 
ordered structure. 
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However, perhaps the most important requirement the precursor mixture has to fulfill, is the 
ability to form ORR catalytic active sites. We believe that the precursor’s capability to form iron-
nitrogen chelates will influence the catalytic outcome, so the precursor composition and mixing 
parameters are important to consider (this will be discussed more in depth in Chapter 6). It is also 
essential that these iron-nitrogen chelates do not decompose during the pyrolysis and instead form 
active Fe-Nx-sites. To summarize, we want to incorporate active sites in an ordered mesoporous 
cubic carbon structure as illustrated in Figure 12.  
  
4.2 ? Typical synthesis approach  
 
The standard synthesis approach used in this work will now be presented and it may be useful to 
clarify concepts discussed in Chapters 6 and 7. Figure 13 shows a schematic picture of the steps 
in the synthesis procedure. Simply, the silica template is synthesized, impregnated with the 
carbon/nitrogen/iron precursor, heat treated, etched, where after the carbon catalyst can be 
obtained. To achieve better catalysts, one has to fine tune each of these steps in the synthesis route 
to enhance the best material properties and to eliminate unnecessary steps.  
4.2.1? Precursor preparation and impregnation 
 
The typical precursor solution is prepared from furfurylamine mixed with iron chloride, but other 
iron/carbon/nitrogen sources can also be used. The precursor solution needs to be liquid to be 
able to impregnate the silica template. Most likely iron-nitrogen chelates are formed during the 
precursor preparation which will influence the final catalyst performance. However, many factors 
seem to influence the chelate formations and will be discussed later in Chapter 6. The 
impregnation is a time-dependent process and sufficient of time is necessary to completely 
impregnate the silica. The impregnation is also dependent on the wetting properties of the 
precursor solution. 
 
4.2.2? Crosslinking during heat treatment 
 
The precursor impregnated silica undergoes two heat treatment steps (typically at 100°C and 
160°C), which are necessary for crosslinking of the precursor.  Complete crosslinking is needed to 
achieve a high surface area. Therefore, it is important to choose components in the precursor 
mixture which can crosslink.  If the crosslinking instead is completed during the pyrolysis step 
Figure 13. Schematic diagram of the synthesis procedure. (i) Ordered mesoporous silica (KIT-6) template, (ii) 
precursor mixing (furfurylamine + iron(III)chloride), aging, and first impregnation of template, (iii) first pre-heating 
step (100°C for 2 h in air), (iv) second impregnation, (v) second pre-heating step (160°C for 2 h in air), (vi) first 
pyrolysis treatment (950°C to 1100°C for 2h in nitrogen), (vii) silica template removal by HF or NaOH, (viii) sulfuric 
acid treatment, (ix) second pyrolysis treatment (950°C for 2 h in nitrogen), and (x) the final catalyst. Reprinted with 
permission from Paper I © The Royal Society of Chemistry 2018. 
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unwanted low surface area and larger pores seem to form.9 The heat treatment may also influence 
the iron-nitrogen chelation. 
 
4.2.3? Pyrolysis (Carbonization) 
 
In the pyrolysis step the crosslinked carbon precursor in the silica template is transformed into 
carbon under inert atmosphere. This process is necessary to achieve conductive carbons. 
However, drastic changes in the carbon structure occur during the pyrolysis and prediction of 
these changes is very difficult. Few studies which correlate the carbon structure before and after 
pyrolysis have been made, perhaps because of lack of correlation, or more likely that it is difficult 
to investigate.  
 
4.2.4? Silica template removal 
 
The silica template is commonly removed by an acidic HF etch, which efficiently dissolves the 
silica template and keeps the active sites intact. However, HF is a very harmful and toxic chemical 
and should therefore be avoided. Other etch solutions should be considered and will be discussed 
later in Chapter 7. 
 
4.2.5? Additional treatments 
 
For most catalysts prepared in this thesis the additional treatment includes acid wash by sulfuric 
acid followed by a second pyrolysis. The purpose with the wash is to dissolve unwanted iron 
species which may block the porous structure and/or the active sites. However, the wash has to 
be chosen to not dissolve the active sites. A second pyrolysis is often performed following the 
sulfuric acid wash to get rid of sulphur species which may associate to the active sites and 
deactivate them.10, 57-58 
 
4.2.6? The typical synthesis procedure and chemicals used 
 
In a typical synthesis, mesoporous silica (KIT-6) is prepared (as described in 59) and used as a 
template for preparing the mesoporous carbon catalysts. Furfurylamine and iron chloride are 
mixed and subsequently impregnated in the silica template and soaked overnight, followed by a 
heat treatment in air at 100°C for 2 h. A second impregnation is made, followed by a heat 
treatment in air at 160°C for 2 h. The sample is then pyrolized in an inert atmosphere at 950°C 
for 2 h. Thereafter, the silica template is removed by acid washing with 40% HF for 20 h at RT. 
Finally, an additional acidic treatment is made with 0.5M H2SO4 for 6 h at 80°C followed by 
another pyrolysis treatment in inert atmosphere at 950°C for 2 h. The main chemicals used in this 
thesis are presented in Table 1. 
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Table 1. The main chemicals used in the thesis, their suppliers and purities. 
  
Chemical 
 
Supplier 
 
Purity 
 Furfurylamine Sigma Aldrich 99% 
 Furfurylalcohol Sigma Aldrich 99% 
 Anhydrous FeCl3 Sigma Aldrich >98% 
 Hexahydrated FeCl3 Sigma Aldrich >98% 
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5.?Experimental methods and parameters 
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5.1 ? Methods used to study the active sites 
 
Methods, such as X-ray Absorption Fine Structure (XAFS) and Mössbauer spectroscopy have 
been frequently used to achieve information about local atomic structures of the active sites.9, 57, 60 
Despite this valuable information, the detailed function of these catalysts remains ambiguous and 
more information is needed for a more complete understanding of the operating mechanism of 
the active sites. Therefore, alternative analytical methods should be considered. Two methods 
used in this thesis, mainly to get information about the active site, are briefly presented below.  
 
5.1.1? Paramagnetic Nuclear Magnetic Resonance (NMR) Spectroscopy 
 
Nuclear magnetic resonance (NMR) is a powerful method to study chemical structures of 
molecules. The method is based on the physical phenomenon that atoms which have an odd 
number of protons and/or neutrons in the nuclei have an intrinsic magnetic moment and an 
angular momentum which in an external magnetic field can absorb an electromagnetic wave. 
Dependent on the nuclei’s chemical environment this absorption will occur at different 
wavelengths, which correspond to different chemical shifts.61 The majority of the NMR 
measurements made in this thesis were made on samples containing unpaired electrons (different 
species of iron ions). The unpaired electron(s) will interact by a hyperfine coupling with the 
resonating nucleus affecting the NMR signal.62 Because of this interaction it was possible in Paper 
I and II to determine how the furfurylamine is interacting with the paramagnetic iron ions in the 
precursor mixture, to what degree, and what was influencing this interaction. The iron ions will 
attract the electrons in the furfurylamine, which means that the protons in the furfurylamine will 
sense a larger effective magnetic field, shifting the protons’ chemical shift downfield.62 
Paramagnetic materials also decrease the T2 relaxation, which broadens the NMR signal. This 
phenomenon makes NMR on paramagnetic materials dependent on the concentration of the 
paramagnetic species in the sample. 1H NMR spectroscopy measurements were conducted using 
a Varian 400 MHz spectrometer. Deuterated DMSO, contained in glass capillaries and inserted 
in the NMR-tubes, were used for reference. 
 
5.1.2? Electron Paramagnetic Resonance (EPR) Spectroscopy 
 
One method that has been less employed in this field is Electron Paramagnetic Resonance (EPR) 
spectroscopy. By EPR, species with unpaired electrons, such as some transition metal ions, can 
be identified and characterised. EPR can thus in principle be used simply as a tool to investigate 
the presence of coordinated iron ions in a catalyst. Moreover, in non-precious metal cathode 
carbon catalysts containing iron-nitrogen chelates, it is of interest to study the variations of such 
iron-nitrogen sites, the oxidation- and spin states of these sites, the electronic structure of the 
carbons, and the possible oxygen/active site-interaction within the catalyst. Very few focussed 
EPR studies have yet been published on this topic. 60, 63 This is likely in part due to that many of 
the non-precious metal catalysts developed are conductive, contain iron species and interact with 
paramagnetic dioxygen, all properties that tend to generate complex and broad EPR signals which 
are complicated to interpret. By systematic studies of our Fe-OMCs we believe we can contribute 
with new and additional information regarding the active sites. Electron paramagnetic resonance 
(EPR) spectroscopy measurements were conducted on 10 mg powder samples in quartz tubes 
using a Bruker Elexsys E500 EPR Spectrometer for 120 K and a Bruker EMXplus EPR 
Spectrometer for 5 K. 
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Like any other spectroscopic method, EPR spectroscopy probes the interaction between matter 
(the sample) and electromagnetic waves. According to Planck’s law (?????), electromagnetic 
radiation will be absorbed if the energy difference between atomic or molecular states (∆E) is equal 
to Planck’s constant (h) times the frequency of the radiation (v). In EPR, the sample is placed in 
an external magnetic field, B0, to create a difference (∆E) in the energy states of unpaired electrons. 
 
All unpaired electrons have a spin angular momentum, S, which will cause a magnetic 
momentum. For electronic system with a spin state of S=1/2 the spin magnetic quantum number 
ms are either -1/2 or +1/2. Because of the magnetic moment, the electrons will, when placed in 
the external magnetic field, B0, align with or against the magnetic field. The electrons which 
magnetic moment is aligned with the field (? ? ? ?? ?? ) will end up in a lower energy state 
compared to the electrons with a magnetic moment aligned against the field (? ? ? ?? ?? ?)   and 
this phenomenon is called the Zeeman effect. The energy states are given by ? ? ?? ?? ????? 
where ? is the g-factor and ?? the Bohr magneton (9.274x10-24 J/T). The g-factor is a 
proportionality constant which for many samples is equal to ?2 but it varies dependent on the 
unpaired electrons’ electronic configuration. The g-factor can be calculated and used as a 
fingerprint to identify compounds. The two energy states linearly split as a function of the 
magnetic field as shown in Figure 14. By microwave irradiation of the electrons in the lower 
energy level (spin-down), they can absorb the radiation and make a transition to the higher energy 
level (spin-up). Absorption will occur when the energy of the electromagnetic wave (hv) is equal 
to the energy difference between the two energy states which results in the fundamental equation 
of EPR, see Equation 5.1. The energy difference is dependent on the electrons molecular 
environment but also on the external magnetic field B0. The absorption of radiation gives rise to 
an EPR signal as shown in Figure 14.64-66 
 
?? ? ?? ? ????? [5.1]
 
 
Figure 14. Variation of the spin state energies, the absorption and the first derivative of the absorption (the EPR signal) 
as a function of the applied magnetic field. 
 28 
 
In EPR spectroscopy a Spin Hamiltonian is used to describe the magnetic interactions, of the 
unpaired electrons, with their specific environment. The Spin Hamiltonian (H) consists of a 
number of terms: 
 
? ? ???? ? ???? ? ??????????   [5.2] 
 
Where ????  contributes with the Electron Zeeman Interaction of the electron spin with the 
external field, B0, ???? is the contribution from the Zero-Field Splitting in systems with S ≥ ½, 
???? comes from Hyperfine Interaction between electron and nuclear spins, and ????? is the 
Electron Spin-Spin Interaction between electron spins on different nucleus. The theory behind the 
different spin Hamiltonian is rather demanding and will not be covered in this thesis.  
 
5.2 ? Methods used to characterize the carbon structures 
 
Several methods can be used to study material properties of Fe-OMC catalysts. The main 
characterization methods used in this thesis are described briefly below. Few other methods such 
as transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray 
Photoelectron Spectroscopy (XPS), and contact angle measurements have also been used on the 
catalysts but these results are not included in the thesis. 
 
5.2.1? Nitrogen physisorption 
 
Nitrogen physisorption was used to gain information about the specific surface area, pore size, 
pore volume, micropore area, and pore size distribution in the catalysts. In a mesoporous material, 
the specific surface area can be calculated from the first adsorbed monolayer of nitrogen using the 
Brunauer-Emmett-Teller (BET) method.67 By increasing the partial pressure of nitrogen, capillary 
condensation starts, causing an increase in the adsorption from which pore size and pore size 
distribution can be calculated with the Barrett-Joyner-Halenda (BJH) method.68-69 Nitrogen 
physisorption measurements were done using a TriStar3000 instrument after degassing the 
samples at 225 °C for 4 h.  
 
5.2.2? Raman spectroscopy 
 
Raman spectroscopy is a technique based on scattering (inelastic and Raman) of monochromatic 
light, usually from a laser in the visible, near infrared, or near ultraviolet range. When exposing 
the material to the laser, molecular vibrations, phonons or other excitations in the material will 
interact with the laser light, shifting the energy of the laser photons up or downfield.70 The shift 
gives information about the vibrational and rotational (low frequency) modes in the material 
which can be related to bond or structure types. In this thesis Raman spectroscopy was used to 
characterize vibrational modes and the nature of defects in the three-dimensional cubic meso-
structured carbon used for the catalysts. Raman spectroscopy measurements were conducted on 
powder samples using an In-Via Reflex Renishaw Raman spectrometer. As the excitation source, 
the 532 nm line of an Ar-ion laser was used, which has a nominal power of 100 mW at the source. 
By using a diffraction grating with 2400 l/mm a spectral resolution better than 1 cm-1 could be 
achieved. Typically, Raman spectra were accumulated by 10 scans with a duration of 10 seconds 
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each. Raman spectra were recorded at RT. In order to compare the spectra of the different 
materials, the Raman spectra have been normalized to the baseline.  
 
5.2.3? X-ray diffraction (XRD) 
 
In X-ray diffraction, monochromatic X-rays are interacting with the material resulting in a 
scattering/diffraction pattern of the incident X-ray beam. Diffraction can only occur in crystalline 
(or partly crystalline) materials and information about the atomic arrangements in the material is 
achieved.71 Herein, X-ray diffraction were used to investigate the degree of “graphitisation” of the 
Fe-OMC catalysts. X-ray Diffraction (XRD) measurements were conducted on powder samples 
using a Bruker D8 Advance instrument operated in Bragg-Brentano geometry using Cu K? 
radiation. 
 
5.2.4? Small angle X-ray scattering (SAXS) 
 
Small angle X-ray scattering is another X-ray diffraction technique suitable for defining 
crystallinity and structural order at the meso length scale (2-50 nm).72 In the thesis SAXS was used 
to identify the cubic order and determine the unit cell parameters of the Fe-OMC catalysts. Small 
angle X-ray scattering (SAXS) was done at beamline I711 at the MAX II ring of the MAX-lab 
national synchrotron laboratory (Lund, Sweden). The data were analyzed using the BioXTAS 
RAW program. 
 
5.3 ? Electrochemical evaluation of the catalysts 
 
5.3.1? Preparation of the Membrane Electrode Assembly (MEA) 
 
A commercial Pt/C catalyst on a commercial gas diffusion electrode (10 wt% Pt/Vulcan with 
0.5 mg Pt/cm2 from Quintech) was used at the anode side. Commercial ionomer (Nafion® 115 or 
112 membrane from Sigma) was used as proton conducting membrane. The as-received 
membranes were washed for 10-30 minutes in 3% hydrogen peroxide solution at 80 °C (diluted 
from 30% hydrogen peroxide solution, Merck), followed by 1 h activation in 0.5 M sulfuric acid 
at 80 °C (diluted from 38% sulfuric acid, Sigma Aldrich) and 3 times washed for 1 h in milli-Q 
water at 80 °C. Before and after each step, the membranes were washed with milli-Q water. 
Finally, and before the membrane electrode assembly the Nafion® membranes were sufficiently 
dried. 
 
The cathode was prepared with two methods, where one of them is still under development. In 
the first and more established method (mainly used in this thesis) a cathode catalyst ink was 
prepared from well grinded Fe-OMC catalyst powder and Nafion® 117 solution (5 wt% Nafion in 
mixture of lower aliphatic alcohols and water from Sigma-Aldrich). The ink was well mixed 
thereafter applied (by hand with a pipette) on a gas diffusion carbon Paper (Toray Paper TGP-H-
060 from Fuel Cell Earth). The final Fe-OMC/Nafion® (weight) ratio was 1.25 and the final Fe-
OMC loading on the carbon Paper was in the range 5-7 mg cm-2.73 
 
In the second method, a cathode catalyst ink was prepared by mixing 0.2 g of propylene glycol 
(99% Sigma Aldrich), 1.65 g Nafion® D2021 solution (Fuel cell store), and 1 drop (about 0.02 g) 
of Dispersant KD2. Thereafter 0.5 g of the Fe-OMC catalyst powder was added and mixed with 
an ultrathurrax (Heidolph, Silent Crusher M) for about 2 min, followed by addition of 0.13 g 
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Vulcan XC-72R (Fuel cell store) and once again mixing with an ultrathurrax for about 2 min. The 
inks were screen printed with a Dyenamo DN-HM02 Laboratory screen-printer on Toray Paper 
TGP-H-060 (Fuel Cell Earth) as squares with the area of 2.56 cm2. The printed catalysts were 
dried and then washed carefully in deionized water to remove the propylene glycol. The catalyst 
loading was about 3 mg cm-2. 
 
The assembly of the anode, cathode and Nafion® membrane was done with a hot press. First, the 
Nafion® membrane hot-pressed at 2 MPa and 135 °C for 60 s. Thereafter, the membrane and the 
anode were pressed together at 2 MPa and 135 °C for 60 s, and finally, the anode-membrane-
cathode assembly was pressed at 2 MPa and 135 °C for 60 s. More detailed parameters for the 
MEA preparation are given in the cited reference.73 
 
5.3.2? Single cell PEM fuel cell measurement 
 
Electrochemical evaluations of the MEA were made in a commercial 5 cm2 single cell PEM fuel 
cell from Scribner Assoc. using an electrode area of 2.56 cm2. The measurements were done at 
80 °C. The cell was fueled by fully humidified 100% H2 (instrumental grade from AGA) and using 
synthetic air (instrumental grade from AGA) as a fully humidified oxidant. A total back-pressure 
of 1.5 bar was applied at both the anode and cathode side of the cell. Polarization curves were 
measured for each catalyst in cycles (cyclic voltammetry) with a Gamry (Reference 600) 
potentiostat. The potential was held at the open circuit potential for 300 s before the cyclic 
voltammetry. To verify variations in resistance in different catalysts electrochemical impedance 
spectroscopy (EIS) was used. Electrochemical impedance measurements were done in the single 
cell at 0.7 V between 100 kHz und 0.01 Hz with 10 measurement points per decade.  
 
5.3.3? Rotating Disk Electrode measurements 
 
Rotating disk electrode (RDE) measurements were carried out using a three electrode RDE setup 
from Gamry Instrument in 0.1 M HClO4 solution. Ag/AgClsat and a graphite rod (6 mm diameter) 
served as reference and counter electrode, respectively. The catalyst inks were prepared by ball 
milling the catalyst for 40 min (15 Hz), followed by mixing 10 mg catalyst, 95 μL Nafion® solution 
(5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich) and 350 μL ethanol (99.5 % 
Solveco). After sonication (30 min) 5 μL of the ink was deposited on a polished glassy carbon 
rotating disk electrode (5 mm diameter, Gamry Instrument) and dried in room temperature for 30 
min. The ORR polarization curves were recorded stepwise, every 30 mV, with a hold time of 60 
s, starting at 1 V to -0.25 V (versus RHE) in oxygen saturated electrolyte. The potential was held 
at the open circuit potential for 120 s before every polarization experiment. A polarization curve 
was measured for each catalyst at four different rotation speeds (100, 400, 900 and 1600 rpm). To 
achieve the Koutecky-Levich plots the Koutecky-Levich equations74 presented below were used: 
 
?
? ?
?
?? ?
?
?? ?
?
?????? ?
?
??   [5.3] 
 
? ? ???????????????????  [5.4] 
 
Here, iL is the diffusion limited current and iK the kinetic current. The coefficient used to calculate 
the number of electron transfer mechanism for each catalyst was obtained from the Faraday 
constant (F=96485 mol-1), the electrode area (A=0.196 cm2), the bulk concentration of O2 in 0.1 M 
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HClO4 (C0=1.2x10-3 mol L-1), the diffusion coefficient of O2 in 0.1M HClO4 (D0=1.93x10-5cm2 s-1), 
and the kinetic viscosity in HClO4 (v=0.00893 cm2 s-1). 
 
 
 ?
 32 
 
 
 
 
 
 
 
 
 
 
  
 33 
 
 
 
 
 
 
 
 
 
 
 
6.?The active site – the heart of the catalyst 
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In the field of non-precious metal cathode catalysts, understanding the structure and function of 
the active sites is central to further develop active and durable catalysts. To shortly illustrate the 
importance of understanding the active site in MeNxCy catalysts, we will look into the function of 
the heme molecule (illustrated in Figure 15). Heme, a segment of the protein haemoglobin, is vital 
in the transport of oxygen to our cells. The molecule consists of a porphyrin, with an iron ion 
coordinated to the center. The iron center provides a site for an oxygen molecule to 
coordinate/bind, whereupon it is transported through the body (via the blood) to the cells. When 
the oxygen enters a cell it finally disassociates from the site and is consumed. The iron-oxygen 
coordination can only happen if the oxidation state of the iron is +II.75-77 When the oxygen binds, 
it temporarily oxidizes iron (+II) to iron (+III) and becomes a superoxide ion. If the superoxide 
ion is protonated, the iron will remain oxidized and incapable of binding more oxygen. The 
complex coordination geometry will vary if the iron site binds to an oxygen (by a covalent bond) 
or to a water molecule (by a co-ordinate bond). The oxygen pulls the iron (+II) into the plane of 
the porphyrin ring, causing a conformational change. Despite the fact that the ORR mechanism 
is different, the heme example illustrates important properties of a MeNxCy catalyst. The oxygen 
has to bind strong enough to be attracted to the active site but weak enough the be able to 
dissociate in a later step. In the MeNxCy catalysts, the active site offers a site for electrons, protons 
and oxygen to meet and react. The ORR activity seems to be highly influenced by the oxidation 
state of the iron and depends on the ligands coordinated around it. We found many of these 
properties important to study for our ORR catalyst and are therefore investigating methods which 
can give us this information such as electron paramagnetic resonance spectroscopy. 
 
 
 
6.1 ? The active sites of previously studied Fe-OMCs 
 
The local atomic structure around the iron in the Fe-OMC catalysts has previously been studied 
with Extended X-ray Absorption Fine Structure (EXAFS) to identify the active sites. Fe-Nx and 
O2-Fe-Nx chelates were proposed to be responsible for the main catalytic activity.10 These results 
have provided a reasonable understanding of the structure of Fe-Nx active sites, but there is still 
need for more complete information. 
Figure 15. Molecular structure of heme. 
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6.2 ? Influence of nitrogen in the precursor on the catalytic activity  
 
In Paper II, we wanted to investigate the influence of nitrogen in the precursor on the catalytic 
performance of the catalyst prepared. As mentioned, previous EXAFS studies on Fe-OMC 
catalysts, suggest that the active site consists of iron-nitrogen (Fe-Nx) chelates bound to the carbon 
matrix 10. However, to distinguish between Fe-Nx and Fe-Ox bonds with EXAFS is difficult. To 
eliminate the Fe-Ox bond as an option we wanted to test the necessity of including nitrogen in the 
formation of the Fe-OMC and determine its role in the active site. This was done using two 
derivatives of furan as precursor; one containing nitrogen (furfurylamine) and one nitrogen-free 
(furfurylalcohol). Furfurylamine has an amine-group as functional group whereas the 
corresponding functional group in furfurylalcohol is an alcohol-group as shown by the molecular 
structures in Figure 16 (red and blue, respectively). The two reactants were also mixed with an 
iron source to enable formation of chelates. 
 
From electrochemical evaluation it was clear that nitrogen has a crucial role in the formation of 
the active sites. This was evident in the very poor fuel cell performance for the nitrogen-free 
catalyst (FuOH-Fe) compared to the behavior of the nitrogen containing catalyst (FuNH2-Fe), see 
Figure 16. The higher catalytic activity achieved in the FuNH2-Fe catalyst implies high 
concentration of active sites, whereas the low activity for the FuOH-Fe catalyst indicates only 
few, or no, active sites. EPR studies of these materials were also performed and will be discussed 
more in depth in Section 6.6.1. The results in the study strengthen previous theories9-10 that the 
nitrogen is involved in the formation of active sites in Fe-OMC catalysts.  
 
 
 
 
 
 
Figure 16. Fuel cell polarization curves of FuNH2-Fe (red) and FuOH-Fe (blue). 
Reprinted with permission from Paper II © 2017 American Chemical Society. 
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6.3 ? Influence of iron precursor hydration state on the catalytic performance  
 
As discussed in both Papers I and II, we believe that iron in combination with nitrogen form 
chelates which are responsible for the formation of active sites. Many parameters likely influence 
the formation of these chelates such as the type of N/C-precursor and the type of transition metal.9 
In Paper I it was discovered that the hydration state of the iron chloride precursor used has a large 
impact on the catalytic activity of the synthesized catalysts. The catalyst made from hydrated 
FeCl3 had a significantly higher performance compared to the catalyst made from anhydrous 
FeCl3, as shown in Figure 17. 
 
In the same study, it was also found that the aging time after mixing of the precursors and the 
relative amount of iron to N/C-precursor used during synthesis also influence the catalytic 
performance. To better understand the chemical difference between the precursor mixtures based 
on anhydrous FeCl3 or hydrated FeCl3 1H-NMR spectroscopy was used. Differences in the proton 
shifts of furfurylamine was observed depending on whether the precursor mixture was made by 
anhydrous FeCl3 or hydrated FeCl3, indicating different type of complex formations in the two 
cases. It was observed that the amine group in the furfurylamine molecule is closest to the iron in 
the iron-nitrogen chelates as shown in Figure 18 and that water in the hydrated FeCl3 likely 
competes with the furfurylamine to be closest to the iron site.  
 
Figure 17. Fuel cell polarization curves of Fe-OMC catalysts prepared with precursor solutions using various iron 
sources (anhydrous FeCl3 – magenta, hydrated FeCl3 – dark cyan, anhydrous FeCl3 + hydrated FeCl3 (molar ratio 
50%) – light green. 
L
Fe
L
O
NH2
L L
L
Figure 18. Schematic representations of furfurylamine interacting with the iron (left) and of the competing iron-ligand 
interactions between water and furfurylamine. L represents either a ligand coordinated to the iron or a vacant 
coordination site of the iron. Reprinted with permission from Paper I © The Royal Society of Chemistry 2018. 
a) b)
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It was also found that the precursor aging time and the iron to N/C-precursor ratio also had a 
significant impact on the complex formation and the degree of furfurylamine-iron coordination in 
the precursor mixtures. Since the three parameters; i) hydration state of FeCl3, ii) precursor aging 
time and iii) iron to N/C-precursor ratio, had an impact on both the complex formation and the 
activity of the Fe-OMCs, a correlation between the two could possibly be found. It is clear that 
some iron-nitrogen coordination is necessary to form active sites, but too high iron-nitrogen 
coordination appears to be unfavorable and to limit the access for oxygen to the iron, thereby 
lowering the ORR activity as schematically illustrated in Figure 19.  
 
6.4 ? Correlations between the precursors’ iron-nitrogen interactions and the 
catalysts’ active sites 
 
In both Paper I and II we observed that iron-nitrogen interactions in the precursor solution can be 
correlated to the catalytic activity in the final catalyst. This opens up possibilities to screen 
potential metal/N/C-precursor combinations in a very early stage of the synthesis. Time and cost 
wise this would be of great advantage, since poor catalyst precursors could be identified early on 
without having to complete the whole synthesis. Few studies have discovered correlations 
between sample properties before and after pyrolysis. Instead, the pyrolysis process is known to 
drastically change the structure of MeNxCy catalysts.10, 78 Though, what is shown in Paper I is that 
the paramagnetic shift can be used to identify and, to some extent quantify chelate interactions, 
which can potentially serve as tool to identify an optimal interaction resulting in a maximized 
active catalyst. 
 
To further prove that the initial iron-nitrogen interaction achieved before polymerization and 
pyrolysis plays a role for the catalytic activity, we can consider results from Paper II. Two catalysts 
were prepared out of precursor mixtures consisting of half (molar) amount of furfurylamine and 
half furfurylalcohol with FeCl3. The two samples were prepared with reverse mixing orders of the 
amine and alcohol. In the first sample the amine was first mixed with the FeCl3 and subsequently 
mixed with the alcohol (FuNH2-Fe-FuOH) and in the other sample the opposite procedure was 
done (FuOH-Fe-FuNH2). Different ORR activity was obtained and this is most likely because of 
Figure 19. Schematic illustration suggesting that a too high iron-nitrogen coordination may block the access of oxygen 
to the active site (a) whereas lower iron-nitrogen coordination may leave open available sites (b). 
a) 
b) 
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interactions between nitrogen and iron take place already in the precursor phase and will influence 
the active sites formed in the catalysts. We hope to develop this idea further in the future and to 
confirm that the nitrogen-iron interaction before the pyrolysis step is crucial in order to form ORR 
active Fe-OMC catalysts. 
 
6.5 ? Influence of iron precursor anion on the catalytic performance 
 
We have already seen that the hydration state of the iron chloride precursor influences the final 
activity of the Fe-OMC catalysts. Naturally, it is analogous to think that also the type of iron 
precursor salt would influence the catalysts activity. Therefore, in Paper IV we studied the 
influence of iron salt with focus on the iron salts’ anions. The idea was to use organic-soluble 
anions to increase the solubility of the iron salts in the N/C precursor (furfurylamine). With the 
increased solubility, the goal was to increase the iron loading and the number of active sites in the 
final Fe-OMCs and consequently enhance the catalytic activity. The three additional iron salts, 
except for the commonly used iron(III) chloride hexahydrate (Figure 20a), were iron(II) acetate, iron(II) 
tetrafluoroborate hexahydrate, and iron(II) trifluoromethanesulfonate (Figure 20b-d). As expected the 
solubility of the iron salt in furfurylamine was radically increased. However, the iron 
concentration in the final Fe-OMC catalyst was only increased for one of the samples (OTf-Fe-
OMC) shown in the elemental analysis data in Table 2.  
 
 
Table 2. Iron loading in the Fe-doped OMCs. 
  
Fe-OMC catalyst 
 
Iron loading (wt%) 
 Cl-Fe-OMC 0.4 
 OAc-Fe-OMC 0.11 
 OTf-Fe-OMC 3.88 
 BF4-Fe-OMC 0.46 
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Figure 20. Molecular structures of (a) iron(III) chloride hexahydrate, (b) iron(II) acetate, (c) iron(II) tetrafluoroborate 
hexahydrate, and (d) iron(II) trifluoromethanesulfonate. 
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Unexpectedly, the OTf-Fe-OMC catalyst (with increased iron loading) did not show an increased 
catalysts activity for the reduction of oxygen in the fuel cell (and rotating disk electrode 
experiments in Paper IV) as shown in Figure 21. This suggests that the main fraction of the iron 
in the sample consist of inactive iron species (or less active species) compared to the iron species 
in samples Cl-Fe-OMC and BF4-Fe-OMC. To identify differences between the samples and gain 
insight into the nature of the iron species, EPR spectroscopy were used. In conclusion we can say 
that the use of different iron salts may not necessarily increase the iron loading in the Fe-OMCs 
or their performance in PEMFCs, but it does influence the type of iron species formed. 
 
6.6 ? EPR spectroscopy on Fe-N/C catalysts 
A large portion of this thesis work has been focused on learning and establishing EPR 
spectroscopy as a method to study Fe-OMC catalysts and eventually other Fe-N/C catalysts. The 
purpose with using EPR to study Fe-N/C catalysts was to gain a better understanding of the types 
of iron species the Fe-OMC catalysts consist of and identify the ORR-active sites. Inconveniently, 
EPR on Fe-N/C catalysts is not instantly straight forward, because the materials are conductive, 
contain iron species and interact with paramagnetic dioxygen, all properties that tend to generate 
complex and broad EPR signals. To overcome some of the complications, we propose in Paper 
V, a few different sample treatment methods useful to simplify the interpretation of the EPR 
signals. In Paper V, six EPR signals were identified and they are summarized in Table 3. With 
these in mind we will in the following section extend the discussion about these signals and their 
origin to help understand the importance of the EPR study. 
 
6.6.1? Sample treatment methodology 
 
The first experiments completed with EPR spectroscopy on the Fe-OMC catalysts did not show 
very promising results with very noisy data. Luckily, the experiments were continued and by 
finding the right measurement conditions and instrument parameters, multiple EPR-signals could 
finally be observed in the Fe-OMCs. In Paper V, we describe a number of external parameters 
influencing the EPR signals of a Fe-OMC sample, including ball milling the sample, diluting the 
sample in a diamagnetic matrix, measurement temperature, and measurement atmosphere. It is 
important to be aware of these parameters, otherwise spectral information may not be observed. 
Figure 21. Fuel cell (left) and RDE (right) polarization curves (left) for Cl-Fe-OMC (black), OAc-Fe-OMC (red), OTf-
Fe-OMC (green), and BF4-Fe-OMC (blue) from Paper IV. 
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In Paper II, EPR spectroscopy was used to identify iron coordination in the nitrogen containing 
catalyst (FuNH2-Fe) and absence of iron coordination in the nitrogen-free catalyst (FuOH-Fe). 
Several EPR-features were detected in the spectrum of the nitrogen containing catalyst compared 
to only a small feature in the spectrum of the nitrogen-free catalyst. The features in the nitrogen 
containing catalyst indicated coordinated iron in the structure whereas the absence of features in 
the nitrogen-free catalyst validated the absence of iron coordination. Unfortunately, at the time 
when Paper II was written, we were not aware of all external factors influencing the spectra 
described in Paper V. It should be mentioned that the as-prepared FuNH2-Fe and FuOH-Fe 
samples showed very different morphology, where the FuOH-Fe sample consisted of relatively 
large aggregates. According to Paper V large aggregates are expected to provide lower microwave 
penetration as well as higher conductivity. This was evident by the difficulty to tune the 
microwave cavity and the low Q-factor for the FuOH-Fe sample. Consequently, the two samples 
were ball milled and EPR experiments were performed once again. In Figure 22, the as-prepared 
samples (lower trace) are compared to the ball milled samples (upper trace). What was previously 
interpreted as absence of EPR-signal in the FuOH-Fe sample was clearly a misconception, since 
the sample after ball milling showed at least two visible broad EPR-signals. The conclusion in 
Paper II will not change drastically since the EPR-signals in the ball milled FuOH-Fe sample are 
not consistent with the EPR-signals in the ball milled FuNH2-Fe sample. By cooling the FuNH2-
Fe sample (see Figure 23), the F, R and O signals can be detected, which might have a relation to 
the activity of the catalysts according to Paper V. In the FuOH-Fe sample however, one of the 
Table 3. Summary of the identified EPR signals from Paper V. 
  
EPR signal 
 
Magnetic field (Gauss) 
 
g-value 
 
Shape 
 
Origin 
 O signal 3370 2.00 sharp Oxygen radical (Superoxide ion) 
 R signal 1585 ??4.25 broad Iron(III) species: Rhombic (S=5/2) or axial 
(S=3/2) 
 R2 signal ? 3255 ? 2.07 broad Axial iron(III) species (S=3/2) or oxygen radical 
 F signal 0-1500 - broad Iron(II) species (S=2) 
 S signal ? 3240 ? 2.08 broad Superparamagnetic particles 
 C signal 2000-4000 - broad Delocalized electrons in conductive carbon matrix 
 
 
Figure 22. EPR spectra of as-prepared (lower trace) and ball milled (upper trace) FuNH2-Fe (red) and FuOH-Fe 
(blue) catalysts collected at 295K in air. 
a) b) 
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previously observed signals was the S signal identified, caused by inactive magnetic 
nanoparticles.79 Furthermore, a “new” signal, denoted E, which was not found in Paper V was 
identified. The E signal, (should not be confused with the F signal) is a broad signal  (0-3000 
Gauss) which could be related to ferromagnetic resonance from elemental iron.80 It should also be 
mentioned that the color of the FuOH-Fe sample was slightly greyish which is in agreement with 
elemental iron in the samples. To conclude the EPR-experiments from Paper II, the absence of 
EPR-signals in the as-prepared FuOH-Fe sample was not due to absence of iron coordination. 
The absence was due to difficulties to observe EPR signals in the sample’s as-prepared state. After 
ball milling the FuOH-Fe sample, EPR signals were observed, which we conclude are not related 
to any ORR-active species. 
 
6.6.2? EPR to identify differences in Fe-OMCs 
 
Even though extensive information about iron species can be gained with EPR, the method can 
also be used as a simple screening method to identify differences in Fe-OMC samples. In Paper 
IV, EPR was clearly useful to identify differences in the Fe-OMCs prepared with different iron 
salts. The EPR-results showed (see Figure 24) that the use of different iron salts definitively 
Figure 23. EPR spectra of ball milled FuNH2-Fe (red) and FuOH-Fe (blue) catalysts collected at 295K (lower trace) 
and 180K (upper trace) in air. 
a) b)
Figure 24. EPR spectra of Cl-Fe-OMC (black), OAc-Fe-OMC (red), OTf-Fe-OMC (green), and BF4-Fe-OMC (blue) 
collected at 295K (a) and 120K (b) in air (solid line) and in nitrogen atmosphere (dotted line). 
a) b) 
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influences the formation of different iron species in the Fe-OMC catalysts where the OTf-Fe-OMC 
sample showed a remarkably different EPR-signal compared to the other samples in the study.  
 
6.6.3? EPR on iron chelates with oxidation state +II and +III 
 
As previously described EPR spectroscopy can be used to detect unpaired electrons. Therefore, 
when studying Fe-OMCs with EPR it is of high importance to understand the Fe-OMCs’ ability 
to form unpaired electrons and if so the possible molecular environment for these unpaired 
electrons. We already know that the main active sites in Fe-OMC catalysts have been identified 
to consist of iron ions interacting with nitrogen and oxygen containing ligands (as Fe-Nx and O2-
Fe-Nx chelates) in a carbon lattice. In an iron-ligand complex, the ligands’ geometry (around the 
iron site) and ligand strength will depend on the ligand-orbitals interaction/overlap with the d-
orbitals of the iron ion. The orbital interactions will lead to splitting of the d-orbitals’ energy states. 
Figure 25 illustrates splitting patterns of the d-orbital energy states for a few common ligand 
coordination geometries and the patterns are dependent on the ligands around the transition metal 
ion.81  
 
In Figure 26, the possible electron configurations in the five d-orbitals are specified for the two 
most common oxidation states of iron (+II and +III). Iron in oxidation state +II, and +III, have 
6, and 5 electrons, respectively, distributed in their d-orbitals. In the figure the energy levels for 
the different d-orbitals are placed on the same energy level for simplicity and since the ligand 
geometries are at this point unknown. The splitting of the d-orbitals will affect the spin states of 
the iron ions which in turn will influence the formation of unpaired or paired electrons. As can be 
observed in Figure 26, the irons with oxidation state III, contain unpaired electrons in all spin 
states meaning that all species should be detectable by EPR. For the irons with oxidation state II, 
unpaired electrons can only be found in the high spin states (S=1 and 2). This means that iron 
sites in Fe-OMCs (active or inactive) with iron(II) centres with low spin are not detectable by 
EPR. 
 
 
Figure 25. Schematic illustration of energy levels of the d-orbitals in common stereochemistries. 
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As visible in Figure 26, an iron ion can contain between 0 and 5 unpaired electrons, and the 
number of electrons involved and the corresponding spin states will have a significantly different 
influence on the EPR spectra. One can assign EPR spectra in two classes. The first class includes 
spin centers with an odd number of unpaired electrons and thus half-integer spin (referred to 
Kramers centers). In zero field (absence of magnetic field), half-integer spin states will always form 
degenerate doublets. When magnetic field is applied the doublets split linearly with the field 
strength and the resonance condition becomes ?? ? ?? ? ????? as previously described in 
Section 5.1.2. The second class includes spin centers with an even number of unpaired electrons 
and thus integer spin states (referred as non-Kramers centers). For integer spin states, the spin 
states in zero magnetic field may have different energies and there is no guarantee that two spin 
levels end up at the same energy level (as a degenerate doublet) as in a Kramer system. The zero-
field splitting in integer spin systems causes the appearance of the EPR to fundamentally change 
compared to EPR spectra of half-integer spin systems.64, 82 
 
6.6.4? The active sites in previously studied Fe-N/C catalysts
 
As mentioned in Section 3.2.3 the active site structure of Fe-N/C catalysts have been highly 
debated. Several studies (made by Kramm et. al.) have used Mössbauer spectroscopy to identify 
the active sites of Fe-N/C catalysts.57, 83-84 Especially two iron species have been identified and 
correlated to ORR activity, which are the FeIIN4/C with low spin and N-FeIIN2+2/C with high 
Figure 26. Schematic illustration of possible electron configurations in the five d-orbitals for iron(II) and iron(III), the 
energy levels are placed on the same energy for simplicity. 
Figure 27. D-orbital energy schemes and electron configurations of FeIIN4/C (S=0), FeIIN2+2/C (S=1), and N-
FeIIN2+2/C (S=2). Reproduced from reference.57  
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spin (S=2). The species FeIIN2+2/C with intermediate spin (S=1) was also found but identified as 
ORR-inactive. The inactivity in this species was believed to be due to the filled ???-orbital (see 
Figure 27) preventing end-on adsorption of molecular oxygen compared to the active sites with 
an empty or single electron occupied ???-orbital allowing dioxygen to adsorb, initiating the 
reduction of oxygen. Other species identified as inactive was (N-FeIIIN4)-O2/C, the high spin XY-
FeIIN4/C and magnetic particles of possibly iron nitride.  
 
The synthesis of the Fe-N/C catalysts made by Kramm et. al. is rather different to the synthesis 
of Fe-OMC but it is not unlikely that the two catalysts have relatively similar active sites. It is of 
high interest to measure the Fe-OMCs with Mössbauer spectroscopy, but the Fe57 enriched 
iron(III) chloride is rather costly and the focus has instead been on understanding the iron species 
in our Fe-OMC catalysts with EPR spectroscopy. 
 
6.6.5? EPR signals in Fe-OMCs which could be related to the activity  
 
In all catalysts, that have shown any oxygen reduction activity (in Paper II, III, IV, and V), the 
EPR signals F, R, R2 and O have been found. This fact does not explicitly mean that the signals 
originate from, or are related to, active site species, but the signals must definitively be investigated 
further. One should be careful to correlate ORR activity directly to an EPR signal. As was 
discussed in Paper V, it is possible that samples which do contain a large number of active sites, 
show relatively low ORR activity because of poorer carbon matrix properties. One of the highly 
interesting signals observed in the Fe-OMCs is the F signal. Signals with similar shape as the F 
signal have previously been found in iron(II) systems with integer spin states (S=2), such as model 
systems for hemes and porphyrins.82 EPR signals from iron centers with integer spin states are 
known to have low intensities (even though the spin concentration is high) and are therefore 
sometimes very difficult to observe. As shown in Paper V, the F signal’s intensity drastically 
increased upon dilution of the Fe-OMC in a diamagnetic matrix (visible in Figure 28). If the F 
signal originates from an iron center with integer spin (S=2), the dilution method seems to be a 
very useful method for detection of this type of signals. The observation of the F signal and its 
possible origin as an iron(II) species is interesting because it is in agreement with the previously 
Figure 28. EPR spectra collected at 295K in air of a ball milled Fe-OMC catalyst, diluted in OM-SiO2, with 
decreasing Fe-OMC/OM-SiO2 ratio. 
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identified active sites in Fe-N/C catalysts; the N-FeIIN2+2/C in high spin (S=2).57 The best way to 
really assign the origin of the F signal would be in a study combining both EPR and Mössbauer 
spectroscopy.  
 
The other interesting signals which may have a relation to the active sites in the Fe-OMC catalysts 
are the R, R2 and O signals. All of the signals are highly influenced by the presence/absence of 
molecular oxygen and according to Paper V, it is likely that the signals are related to each other 
and perhaps originate from the same paramagnetic species. Two hypotheses will now be presented 
regarding the R, R2 and O signals. The first hypothesis is that the R and R2 signals originate from 
the same species whereas the O signal originates from a superoxide radical. The g-values for the 
R and R2 signals are typical for an axial iron(III) intermediate spin (S=3/2) where the resonance 
from the |+1/2>, |–1/2> transition dominates the spectrum.85-88 This can be visualized in a 
rhombogram, as shown in Figure 29, 64, 89 which is useful in the interpretation of the EPR spectra. 
For spin systems where S >1/2, an axial (D) and a rhombic (E/D) term in zero-field splitting 
parameters will contribute to the spin Hamiltonian (Equation 5.2). In the rhombogram, D and 
E/D parameterize the axial and rhombic symmetry, respectively, where the rhombic parameter 
is ranging between 0≤E/D≤1/3. The second hypothesis is that the R signal originates from a 
rhombic iron(III) high spin (S=5/2) species where the resonance from the |+3/2>, |–3/2> 
transition dominates the spectrum as visible in Figure 29.64, 87 The R2 and O signals, in this case, 
originate from the same oxygen radical.90 
 
Irrespective of whether or not the R, R2 and the O signals originate from an axial or a rhombic 
iron species, the species (with oxidation state III, binding to an oxygen) could be related to the 
previously observed (N-FeIIIN4)-O2/C species. This iron species was previously interpreted as 
inactive.57 For the iron(III)-O2 species presented in Paper V, however, we cannot conclude if the 
species has oxygen reduction activity or not. It might be that the iron(III)-O2 species is the oxidized 
form of an active iron(II) species (such as N-FeIIN2+2/C). 
 
6.6.6? EPR on Fe-OMC catalysts – future outlook 
 
In Paper V we showed that EPR spectroscopy has great potential for studying Fe-OMCs and 
probably also other Fe-N/C catalysts. However, much more information can most likely be 
extracted from the EPR-data using computer simulations, which are necessary for quantitative 
a) b
Figure 29. The principal g values for transitions |±1/2 (red), |±3/2 (yellow) and |±5/2 (blue) in spin systems (a) 
S=5/2  and (b)  S = 3/2 as a function of the E/D term. 
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interpretation of the data. Curve fitting of the EPR spectra would be helpful to confirm the already 
identified signals but also to identify new ones. A number of external factors were shown to 
influence the EPR signal and these factors could possibly be tuned further to gain even more 
information.  
 
Several additional experiments would be interesting to do, such as: i) decrease the measurement 
temperature to around 2-5 K to increase the intensity of some of the signals and extract more 
information, ii)  increase the measurement temperature to 353K (80°C), to study the Fe-OMC 
catalysts in the working temperature of the fuel cell, iii) EPR in-situ studies of the catalyst in a fuel 
cell, iv) possibly visualize more of the O2-iron(III) species by increasing the oxygen concentration 
and oxiding the iron(II) species, v) preparation of a Fe-OMC catalyst synthesized from Fe57 
enriched iron chloride. The EPR signals of Fe-OMCs prepared with Fe57 or Fe56, respectively, 
most likely have different EPR-spectra. The Fe57 nuclei has a spin abundance of ½ which will split 
the EPR-signal of the neighboring unpaired electrons due to hyperfine interactions. The Fe56 
nuclei however, has zero spin abundance and does not split the signals. A Fe-OMC prepared from 
Fe57 enriched iron salt could also be analyzed by Mössbauer spectroscopy, which would be a 
valuable complement to the EPR-results. 
 
  
 47 
 
 
 
 
 
 
 
 
 
 
 
7.?The carbon support – to achieve active catalysts 
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Until now the focus in the thesis has been on understanding the active sites in our catalysts. 
However, material related properties of the carbon matrix should not be forgotten. The active sites 
require a suitable support material in order to perform as efficiently as possible. The better the 
active sites are connected to the carbon matrix in regard to electron transfer capabilities, the more 
efficient the catalyst. Therefore, this chapter is dedicated to aspects related to the carbon support 
in the catalyst. This chapter also brings up problems with the catalyst synthesis approach and how 
to modify it.  
 
7.1 ? Influence of furfurylalcohol in the precursor mixture on the carbon 
formation 
 
In Paper II, we wanted to improve the properties of the carbon matrix of our OMCs regarding 
pore structure, surface properties and conductivity to increase the mass transport and decrease 
electrical resistivity in the catalysts. This was done by adding furfurylalcohol to the typical 
synthesis of Fe-OMCs made of furfurylamine. The hypothesis was to form a two-component 
system; where the furfurylamine and the FeCl3 form chelates resulting in active catalytic sites and 
the furfurylalcohol incorporates these active sites in an efficient carbon matrix. Carbon and 
electrochemical properties of the catalysts were thereafter characterized to understand how the 
carbon structure influences the catalytic performance. 
 
From characterization by nitrogen sorption, Raman, XRD and SAXS, it became clear that the 
carbon properties of the Fe-OMC catalyst varied dependent on if furfurylalcohol was added to the 
synthesis or not. The variations can be explained by different crosslinking mechanisms of the two 
carbon precursors, which will influence the type and number of defects in the carbon’s conjugated 
system. The conjugated system, which determines the carbon’s conductivity, can be 
influenced/disturbed by defects in the structure involving; grain boundaries/edges, in-plane 
substituted heteroatoms, vacancies, and/or sp3-hybridization. Furfurylalcohol, with its high 
reactive nature, allows for effective precursor polymerization in three dimensions, resulting in a 
highly meso-ordered cubic structure with high surface area. Coexistence of sp2- and sp3-carbon 
hybridization is necessary to reach such high order and surface area, and which is facilitated by 
addition of furfurylalcohol. A larger surface area of the catalyst results in a higher number of 
surface-exposed active sites. The carbon of the Fe-OMCs prepared with the furfurylalcohol 
addition, also obtained an increased conductivity. The conjugated system appears more complete 
and facilitates the electron transfer in the material. This explains the lower resistivity in these 
catalysts and the higher ORR-activity as shown in Figure 30. 
Figure 30. Fuel cell polarization curves (a) and Nyquist plot measured at 0.7 V (b) of FuNH2-Fe (red) and FuNH2-
Fe-FuOH (yellow). 
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7.2 ? Influence of iron precursor hydration state on the carbon formation  
 
In Paper I, three parameters; i) hydration state of FeCl3, ii) precursor aging time and iii) iron to 
N/C-precursor ratio, were found to influence the complex formation and the activity of the Fe-
OMCs. The same parameters were also found to affect the impregnation process and the 
crosslinking possibilities of the precursor mixtures and consequently also the pore and surface 
properties of the catalysts. Iron chloride catalyzes the crosslinking reaction of the furfurylamine 
and therefore a high iron content increased the precursor’s ability to cross link which is favorable 
to reach high surface area. A too high iron content however, increased the viscosity of the 
precursor mixture which resulted in a poor impregnation and low surface area. By the use of the 
hydrated FeCl3 it was possible to make FeCl3-furfurylamine precursor mixtures with much higher 
iron/furfurylamine molar ratio which was favorable for increasing the activity of the catalysts. 
 
7.3 ? Improved activity by milder route of preparation 
 
A requirement in developing Fe-OMC catalysts is to achieve a low degree of complexity of the 
catalyst preparation in order to further reduce cost. One crucial and complex step in the synthesis 
is the removal of the silica template as shown in Figure 31. It is after the etch the catalysts obtain 
their high specific surface area and porous structure. When designing the etch method it is 
important to consider an etch chemical which dissolves the silica but does not affect or dissolve 
the active iron chelates. In principle, the silica can be removed by either etching in acidic HF or 
alkaline KOH or NaOH solutions. In previous work made on Fe-OMCs only HF etch has been 
used to remove the silica. HF efficiently dissolves the silica and keeps the chelated transition metal 
ions intact and electrocatalytically active after the etching. Unfortunately, HF is an unpleasantly 
hazardous and toxic acid and the use of it should be avoided. Therefore, in Paper III we tried an 
alternative milder etch method based on alkaline NaOH and applied it on the synthesis of Fe-
OMCs. The effect on the carbon properties and the catalytic performance was studied in 
comparison to the HF method. We found that an etch method based on NaOH, efficiently 
removes the silica template and increases the catalytic activity of the Fe-OMC catalyst compared 
to when using the HF etch as shown in the fuel cell data in Figure 32. To gain more insight about 
why the two etch methods give rise to such different fuel cell results in the Fe-OMCs, we applied 
EPR spectroscopy and this will be discussed in the next section.  
vii, viii, ix x 
Figure 31. Schematic diagram of the last steps in the synthesis procedure: (vii) silica template removal by HF or 
NaOH, (viii) sulfuric acid treatment, (ix) second pyrolysis treatment (950°C for 2 h in nitrogen), and (x) the final 
catalyst. 
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7.4 ? EPR to study carbon properties of Fe-OMCs 
 
EPR does not only give information about the iron species in the Fe-OMCs, it can also give 
important information about the electronic structure of the supporting carbon matrix. One EPR 
signal, the C signal, found in Fe-OMC samples both in Paper III and V, are believed to originate 
from delocalized electrons in the conductive carbon support. The C signal was particularly visible 
in the EPR spectra of the Fe-OMCs treated with the NaOH etch as shown in Figure 33. In the 
EPR spectra in the left figure, a NaOH treated Fe-OMC (turquoise trace) is compared to a HF 
treated Fe-OMC (yellow trace) from Paper III, and in the right figure the dark blue trace shows 
EPR spectra of another NaOH treated Fe-OMC catalyst. The C signal, between 2000–4000 Gauss, 
seems to be dominating the spectra but is probably superimposed with other signals. Interestingly, 
the C signal was also found in the EPR spectra of another Fe-OMC (Fe-FC60) sample prepared 
in a previous study.91 This Fe-OMC sample (treated with HF) was identified to have highly 
graphitic properties due to presence of multi walled carbon tubes formed during the synthesis. All 
the Fe-OMCs with the identified C signal showed increased catalytic performance at higher 
current densities (as visible in Figure 32, turquoise) which could be an indication of higher 
conductivity in the carbon structure.  
Figure 32. Fuel cell polarization curves of FuNH2-Fe-HF (pink), FuNH2-Fe-FuOH-HF (yellow), FuNH2-Fe-NaOH 
(purple) and FuNH2-Fe-FuOH-NaOH (turquoise). 
Figure 33. EPR spectra of (a) FuNH2-Fe-FuOH-NaOH (turquoise), FuNH2-Fe-FuOH-HF (yellow), and (b) NaOH 
treated Fe-OMC sample (dark blue), HF treated Fe-FC60 (blue) collected at 295K in air. 
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7.5 ? Improved activity by optimizing the pyrolysis temperature 
 
In a previous study it was investigated how the Fe-OMC’s catalytic activity varied with pyrolysis 
temperature.10 The activity was increased with increasing pyrolysis temperature from (700-
1100°C) up to a certain point (1200°C) where the activity was drastically reduced. It is known that 
the formation of active sites in iron-nitrogen based ORR-catalysts is favored at pyrolysis 
temperatures between 800-950°C.92 Below and above that pyrolysis temperature range, the active 
sites have likely not been formed or started to decompose, respectively. However, it is also known 
that the conductivity in many carbon materials is improved with increasing pyrolysis 
temperature.93-94 In Paper V we look into this further and studied both the iron species and the 
electronic structure of the carbon simultaneously by EPR spectroscopy. As shown in Figure 34, a 
large variation between the Fe-OMC samples (synthesized with different pyrolysis temperatures) 
can be observed in the EPR spectra. This suggests that a transformation of the iron local structure 
and/or carbon structure occurs when the pyrolysis temperature is increased from 700°C to 
1200°C.  
 
From Paper V we found that the increased catalytic activity in the Fe-OMC-1100 sample can be 
due to improved carbon support properties, in combination with active sites. It is possible that the 
samples Fe-OMC-700 to Fe-OMC-950 consist of a similar type of active sites (and perhaps at a 
higher concentration) as in Fe-OMC-1100, but are lacking in activity because of poorer carbon 
matrix properties. In the ideal system, a large number of active sites are interconnected in a highly 
conducting carbon matrix, and the delocalized electrons can move freely between the active sites 
and the carbon matrix as shown in Figure 35. For the Fe-OMCs, as they have been synthesized 
in this thesis, it seems to be a trade-off between having many active sites and having a highly 
conductive carbon matrix, both of which are necessary in the right proportions to reach the highest 
catalytic activity. Even though the Fe-OMC-1100 sample possibly contains fewer active sites 
compared to the Fe-OMC-950 sample, the higher conductivity of the Fe-OMC-1100 sample seems 
to more than compensate for that, resulting in a more catalytically active catalyst. For future 
studies it would be interesting to synthesize new Fe-OMC catalysts and vary the pyrolysis 
temperature between 950 and 1200 °C to find the optimum temperature to reach the best catalytic 
Figure 34. EPR spectra of ball milled Fe-OMC catalysts pyrolyzed at 700°C (blue), 800°C (green), 950°C (black), 
1100°C (red) and 1200°C (yellow) collected at 295K in air. 
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activity. Additionally, it would be interesting to mix one of the samples pyrolyzed at lower 
temperatures (700-950 °C) with a highly conductive carbon material. If these samples contain high 
concentration of active sites the additional conductive carbon support may serve the active sites 
more efficiently to reach higher catalytic activity. In that way the optimum pyrolysis temperature 
(to create active sites with the highest activity) can be identified.   
 
 
 
 
 
 
 
 
 
 
 
  
Figure 35. 2D illustration of the carbon structure and the delocalized electron (blue dots) mobility between the active 
sites and the carbon matrix.  
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8.?Conclusions 
 
 
One aim of this thesis was to tune and simplify the method of preparing iron-nitrogen chelating 
ordered mesoporous carbon catalysts with improved catalytic activity. The focus has been put on 
developing a deeper understanding of the operational mechanism behind the active site in the 
catalysts, and explore analytical methods to study it. Furthermore, modifications of the synthesis 
method were made to achieve more efficient carbon support for the catalysts. The following 
valuable knowledge and improvements regarding the catalysts were gained.  
 
(i)? From the obtained fuel cell and EPR results, the previous theory was strengthened, 
that nitrogen is involved in the formation of active sites in the Fe-OMC catalysts.  
(ii)? Parameters such as hydration state of the iron salt, precursor aging time, and iron to 
N/C-precursor ratio, were shown to influence both the iron-nitrogen 
interactions/complex formation and the catalytic activity of the Fe-OMC catalysts.  
(iii)? Correlations between the initial iron-nitrogen interactions in the precursor and the 
activity in the final catalyst were made and may in the future allow for screening 
potential metal/N/C-precursor combinations in early stage of the synthesis.  
(iv)? NMR was found useful as a method to study the precursor mixtures and identify 
iron-nitrogen interactions.  
(v)? Different iron salts in the synthesis of Fe-OMCs influence the type of iron species 
formed. Higher solubility of the iron salt in the N/C precursor does not necessarily 
increase the iron loading of the Fe-OMC and a high iron loading does not necessarily 
indicate a large concentration of active sites.  
(vi)? EPR spectroscopy can contribute with substantial information regarding the iron 
species, oxygen radicals, and delocalized electrons in the Fe-OMCs. Essential 
information about the iron species such as type, oxidation state, geometry and 
interaction with oxygen can relatively simply be identified. Proper sample 
preparation is necessary for most Fe-OMC catalysts to obtain high quality EPR data.  
(vii)? By addition of furfurylalcohol to the precursor composition the carbon matrix 
properties were improved.  
(viii)? The unpleasant HF etch was found to be replaceable by an NaOH etch and an 
increased catalytic activity was observed.  
(ix)? Fe-OMC with high conductivity (in combination with active sites) seems to be 
important to reach highly active catalysts. There appears to be a trade-off between 
having many active sites and having a highly conductive carbon matrix, both of 
which are necessary in the right proportions to reach the highest catalytic activity. 
 
With these results, we achieved small steps forward towards a more efficient catalyst. Even though 
the steps are small, each step is important for understanding and optimizing the catalyst. Many 
parameters influence the catalyst performance and each small step adds up and hopefully a great 
improvement will be reached at the end. The more knowledge we gain about our catalyst, the 
easier it will become to tune the catalysts to be as active, efficient and cheap as possible. 
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10.? Abbreviations 
 
 
EPR - Electron Paramagnetic Resonance 
EXAFS - Extended X-Ray Absorption Fine Structure 
Fe-OMC – Iron-Chelating Ordered Mesoporous Carbon 
HOR – Hydrogen Oxidation Reaction 
NMR - Nuclear Magnetic Resonance 
PEMFC – Proton Exchange Membrane Fuel Cell 
OMC – Ordered Mesoporous Carbon 
ORR – Oxygen Reduction Reaction 
SAXS – Small angle X-ray scattering 
TM-OMC – Transition Metal-Chelating Ordered Mesoporous Carbon 
XAFS - X-ray Absorption Fine Structure 
XRD – X-ray Diffraction  
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